In order to solve the low control precision of traditional technique for the complex attitude control system, this paper had analyzed the features of spacecraft attitude plant, researched the structure and functions of the auto disturbance rejection control technique, and given the model of the nonlinear extended state observer which is regarded as the core of ARDC. In this article, the mathematic model of nonlinear extend state observer is constructed based on the artificial neural network for the spacecraft attitude control system. The detailed design process of attitude controller is given for the flexible spacecraft with a single accessory. Through theoretical calculation and simulation analysis, it is verified that the designed controller model have good stability and strong robustness. With this controller, the stability and tracking precision are obviously improved for the spacecraft attitude system.
INTRODUCTION
Spacecraft is the aircraft running outside the atmosphere, which plays important role in scientific research, national defense and economic construction. In order to complete the required tasks, the spacecraft must have excellent performance of the control system. The spacecraft motion control mainly includes the orbit control and attitude control. The orbit control causes the aircraft to move in the desired spatial trajectory in the gravitational field, or the aircraft in a number of stars in the gravitational field to achieve the movement divert. Attitude control allows the attitude of the aircraft to maintain or to regulate a predetermined orientation and direction during space orbital control movements. The required tasks of the aircraft must be completed by certain orbit and attitude precision (Choi and Damaren, 2015) . Accurate attitude control is the basis of orbit control. Therefore, spacecraft attitude control is focused in this paper.
In the course of their work, spacecraft is affected by a variety of environmental interference and interference torque (Choi and Damaren, 2015) , such as gravity gradient, solar radiation, and Earth's magnetic field, which are not accurately described. And the attitude dynamics and kinematics equations of the aircraft show strong non-linearity and coupling. If the multi-body structure of modern spacecraft, the structural flexibility of some components and the sloshing of the liquid in the fuel tank are involved, the attitude dynamics description equations are more complicated. Due to the simplicity of the structure and the low precision, the decoupling between the degrees of freedom of the attitude control can be carried out. In this case, the analysis and design of controller is completed by the traditional control theory. However, the diverse tasks lead to the complex structure (Guo and Zhao, 2011) . So, if the coupling effect of attitude dynamics is neglected, the requirement of high precision control cannot be meet. In summary, the attitude dynamics and kinematics equations describing the spacecraft attitude are a set of strongly coupled nonlinear differential equations (Choi and Damaren, 2015) . Strictly speaking, in order to achieve high-precision control requirements, it should be directly completed to solve this set of nonlinear strong coupling equations in the design of attitude controller. But this is very difficult or even impossible. Therefore, based on the established mathematical model, the traditional method is to approximate the original nonlinear system to a linear system using approximate linearization or feedback linearization method (Choi and Damaren, 2015) . Then the attitude controller is designed using the classical control theory. There are many research methods of feedback linearization, which can be divided into two categories. One is the earlier developed differential geometry method, which has a greater impact on the control of nonlinear systems. The other is the common direct analysis method. The commonality of these methods is that they are overly depending on the mathematical model of the system. These methods can be used after the exact mathematical model of the complex nonlinear system is established.
In this paper, a more advanced control method of nonlinear system is discussed, which is called autodisturbance-rejection control method (Han, 2009; Guo and Zhao, 2011) . The most significant advantage of this method is that it does not have special requirements to the accuracy of the mathematical model (Liu, Mei, and Kong, 2013) . It is applied to the design of spacecraft attitude control system. The uncertainty parameters in the system model are checked and compensated in real time, and the ideal linear model is obtained finally (Guo and Zhao, 2011) . Basis on the ideal model, the high-precision controller can be discussed by means of the traditional control theory. The design diagram and the simulations are studied in this paper. In practice, it has been proved that good control precision and strong robustness is received, and it has a very wide application prospects.
ACTIVE DISTURBANCE REJECTION CONTROL
Active disturbance rejection control (ADRC) is a new kind of nonlinear control method (Han, 2009), which has been applied in some practical nonlinear systems, and has achieved good control effect (Tan, Hao and Li, 2015) . The core of ADRC is that the control method is not entirely depending on the mathematical model of the system. It is a nonlinear control technique which uses system errors to suppress or eliminate systematic errors. A nonlinear controller, which is very different with the traditional controller in the structure, will be established using ADRC technique. On the other hand, in the case of nonlinear systems with uncertain parameters, the uncertainties are treated as the internal disturbances of the system by means of the autodisturbance-rejection technique (Huang, 2002) . Next, the special disturbance can be considered as a part of the total disturbances of the system with the external disturbances of the system. Because of the above advantages, the ADRC technique has a practical significant for the spacecraft attitude control system, which has many uncertain parameters and many unknown environmental interference factors.
The block diagram of the ARDC is shown in Figure 1 . Because of it, the breakthrough of using non-linear characteristics to control the nonlinear system will be truly realized. The tracking-differentiator gives the tracking signal of the system reference input variables and the differential signals of the respective orders. The nonlinear extended state observer gives the various state variables of the system and the so-called "expansion states", that is the total disturbance of the system. The difference between the tracking-differentiator and the extended state observer is the state error of the system. Then these errors are nonlinearly combined to accomplish nonlinear state error feedback. The input signal of the controlled object is combined with the feedback signal and the expansion signal (Tang and Li, 2014).
Since ADRC is a design method that does not entirely depend on the mathematical model of the system, we only need to know the form of the equations describing the dynamics of the spacecraft attitude, and the uncertain parameters and the specific factors of the spatial environment in the equations do not need to be determined accurately (Kori and Kolhe, 2014; Guo and Zhao, 2011) .
By means of ADRC, the design of aircraft attitude control system can be studied from the following two aspects. On the one hand, the nonlinear extended state observer in the ADRC is independently used to established control system. The perturbation of the object is estimated in real-time, accurately and quickly by using the extended state observer. Through the "extended state" feedback, the uncertain system is transformed to certain system. For time-invariant linear systems, a simple PID controller can be used as the outer loop controller.
On the other hand, a real nonlinear auto-disturbance rejection controller is used to design the aircraft attitude control system. In other words, the non-linear combination of the state errors is used to achieve really nonlinear control for the spacecraft attitude control system (Talole and Kolhe, 2010) .
In this article, the first design method will be mainly studied. In other words, the design method of spacecraft attitude control system based on nonlinear "extended state observer" is discussed.
EXTENDED STATE OBSERVER
An extended state observer is essentially a state observer (Huang, 2002) . It can not only reproduce the state variables of the control object, but also can estimate the uncertainties of the control object model and the realtime value of the unknown disturbance, so it is called "extended state observer". The quality of the extended state observer has a direct impact on the performance of the auto disturbance rejection controller (Guo and Zhao, 2011) . Therefore, the design of extended state observer plays an important role in the overall design of ADRC.
The mathematical model of nonlinear uncertainty objects considering unknown external disturbance is given as (1).
In the equation,
x t is an unknown function, ( ) w t is unknown disturbance and ( ) x t is direct or indirect measurable signal. Then can we construct a nonlinear system that does not depend on the unknown function and the unknown external disturbance? Can we estimate the state variables, such as
x t x t x t x t , and etc.? Then (1) can be written as (2) .
Next, the new nonlinear system can be constructed. The equations of the new system are given as (3).
It has been proved that the state variables of system (3) can track the state of system (1) as long as the appropriate choice of nonlinear function 1 2 1
x t x t x t x t x t x t x t x t a t , so the equations of (1) can be further rewritten as (4).
x t , then (3) can be rewritten as (5). 
Through the choice of 1 1 2 2 1 1 ( ), ( ),, ( )     n g x g x g x functions, the constructed system (3) can track the original system (4) when b (t) is variable in a given range.
From the above analysis, it is not difficult to find that the extended state observer has nothing to do with the original system specific expression, but only with its real-time value of the rate of change b (t). Therefore, this kind of observer will have a good adaptability and robustness to a certain range of objects, better than the conventional state observer.
In the equations of the extended state observer, let ( ) ( )   i i g z g z , where ( ) g z is a nonlinear function. So, the equations of the constructed observer can be written as (6). 
Where 1 2 , ,...
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are the observer gains.
After ( ) g z and these gains are chosen, the state variables and ( ) a t of the original system can be obtained by the constructed observer. According to the estimated value, the original system can be suitable for the amount of compensation. Considering the selection principle of the nonlinear function mentioned in the feasibility analysis of the extended state observer, we can choose the following form is (7).
It should be noted that the choices of non-linear function are many and varied. And other forms may be selected as long as the selected function satisfies the condition that the system (4) is stable to the origin. At this point, the design of the extended state observer will mainly focus on the determination of the gains.
Based on the above conclusions, we can regard the system (5) as a non-linear mapping between unknown parameters  i and state variables 1 ( ),
For each given set of values there will be a set of state variable values corresponding to them. Therefore, according to the specific problem, many sets of parameter combinations can be selected within a certain range. The state variables corresponding to each group of parameters can be solved using the fourth-order Runge-Kutta algorithm. Parameter and response signal constitute a training sample set. Then a neural network with variable hidden nodes is built according to the input and output parameters. The neural network is trained by using the obtained training sample set, so that the constructed neural network can reflect the relations between the unknown parameters and state variable solutions. The values of the ideal state variable are input to the trained network, the corresponding parameter value can be obtained. Using the trained parameters, the equation of the nonlinear extended state observer of the given system can be obtained.
Due to the superior performance of the third-order nonlinear extended state observer (Huang, 2002) , the "extended state" can well observe the total disturbance of the controlled system, and can give the appropriate compensation amount, so that the original nonlinear system becomes linear second-order integral system. So far in the design of non-linear controller, the feedback can be part of the compensation as a second-order integral part of the system to design the controller.
DESIGN OF ATTITUDE CONTROL SYSTEM BASED ON NONLINEAR EXTENDED STATE OBSERVER
In this paper, a relatively complex aircraft attitude system is studied as an example. Considering the following flexible vehicle attitude control system, the equations of this system are given as (8). 1 1 2 2 2 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 0 2 0
Where, I is the moment of inertia around the OZ -axis, i q is the modal coordinate of the flexible panel, The schematic diagram of the spacecraft attitude control system based on the extended state observer is shown in Figure 2. ( ) a t Figure 2 . Schematic diagram of the spacecraft attitude control system based on the extended state observer
In the dashed box in Figure 2 , a linear deterministic system is obtained after the compensation of "extended state ". When the order of measurement and execution is ignored, the attitude control of the aircraft is the second-order system. The main body of the attitude control dynamics equation is the second-order nonlinear system.
The dynamical equations of the flexible vehicle attitude control system (8) are second-order differential equation groups. The equation of the system (8) can be rewritten as (9).
The relative order of ( )  t and ( ) u t is second-order. So, the following results can be obtained through the four integrals.
(2) 2 2
is a new uncertain total perturbation, which contains all integral terms and uncertainties.
In Figure 2 , 0 ( ) u t is the control input which are obtained using feedback linearization and deterministic compensation of the controlled object. According to the characteristics of the extended state observer mentioned in the auto-disturbance rejection theory, ( ) a t is the real-time estimator of the new uncertain total disturbance. So the actual input of the controlled object is
Substituting (11) into equation (10), we can get the equation (12).
 
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From the study of the nonlinear extended state observer, we can find that the fastness and accuracy of the third-order extended state observer are very good, so the residual nonlinear uncertainties in the above equation are negligible According to the nonlinear control state observer design method proposed by the author, the mathematical model of the third-nonlinear observer of the flexible aircraft can be obtained as (13). 21 22 21 22 21 21 ( ) ( ) 0.59 ( ( ) ( )) ( ) ( ) 11.61 ( ( ) ( )) ( ) 17.32 ( ( ) ( ))
At this point, through the feedback of "expansion of the state", the controlled system will become a very simple second-order integral system. Next, we can design a linear controller for the spacecraft attitude control system following the classical control theory of the controller design method. Since the transformed system is very simple, a simple PID controller can meet the required performances.
SIMULATION ANALYSIS
In order to verify the correctness of the proposed design method and the attitude tracking effect of the designed control system, the conventional controller is designed according to the time domain index of the attitude control system of the aircraft firstly. Then, by loading the typical input signal, the tracking effect of the attitude tracking system on the typical input signal is verified. Finally, the tracking results are analyzed.
Design of Conventional Controller
According to the requirements of the attitude control of the flexible vehicle, the controller is designed to satisfy the following requirements. The stability error is 0.05 and the overshoot less than 30%. According to the empirical formula, the design process is as follows.
(1)Considering the overshoot of the system, the phase margin  is calculated.
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(2)Shear frequency Wc is calculated using the adjust time and resonant frequency. The above process is to transform the given time domain performance into the frequency domain, and then the parameters of each part of the PID controller can be determined according to the method of series Compensator.
There, the design parameters of PD controller are Kp＝82.88 and Kd＝11.39. The unit step response of the designed system is shown in the Figure 3 . Form the curve of the unit step response, the time domain performances of the closed loop system can be obtained. The overshoot is 19.2％ and the adjusting time is 0.53 second. According to these performance results, the designed closed-loop system is satisfied to requirements.
Next, the frequency performances of the original system and the designed system with PD controller are analyzed. The amplitude margin and the phase margin are calculated. The results are relatively shown in Fig.4 (a) and Fig.4 (b) . Comparing the Bode diagram of the original system with the controller system, the original system's amplitude margin is zero and the phase margin is zero. This result indicates that the system is in a critical steady state and the relative stability of the system is very poor.
The amplitude margin of the system containing the controller is infinite and the phase angle margin is 67.4 degrees. The system is in steady state, and the relative stability is good.
Simulation of the Attitude Control System
When the parameters of the nonlinear extended state observer and the outer loop controller are determined, a nonlinear attitude control system based on the control state observer is obtained. According to the above analysis, the designed control system has good anti-disturbance capacity because of the extended state observer is appended. In order to verify the correctness and robustness of the designed active disturbance rejection controller, the attitude control system of the spacecraft is simulated.
(1)When input signal is ramp function, the tracking curve of the output attitude of the closed-loop system is shown in Figure 5 . The amended results of the closed loop system are shown in Fig 6. In the figures, v is the tracked attitude signal and x is the output of the closed-loop system. (2)When input signal is Sine Signal, the tracking curve of the output attitude and the amended results of the closed-loop system are respectively shown in Figure 7 and Figure 8 . It should be noted here that the two different inputs use the same parameters of the extended state observer. From the simulation results, it can be clearly found that the robustness of this controller is very strong. After a lot of simulation experiments, the performances of the system are compared for a variety of inputs. The robustness of the control system is very strong too.
CONCLUSIONS
Based on the study of the attitude dynamics model of a flexible spacecraft with a single accessory, the autodisturbance rejection control technology is introduced. By means of the nonlinear state observer, which is the core module of the auto-disturbance-rejection control technology, the attitude control system of the flexible spacecraft is designed. Through a large number of simulation experiments, the simulation results are compared with the classical control methods. From the complexity of the design process and dependence on the system model, the design method based on ADRC has the lowest requirement on the accuracy of the model. At the same time, by the "expansion of the state" of observation, uncertain systems are transformed into deterministic systems. Simulation results show that the ADRC technique is particularly suitable for the design of systems with uncertainties such as spacecraft attitude control.
